The basidiomycete fungus Ustilago maydis has emerged as a powerful model organism to study fundamental biological processes. U. maydis shares many important features with human cells but provides the technical advantages of yeast. Recently, U. maydis has also been used to investigate fundamental processes in peroxisome biology. Here, we present an efficient yeast recombination-based cloning method to construct and express fluorescent fusion proteins (or conditional mutant protein alleles) which target peroxisomes in the fungus U. maydis. In vivo analysis is pivotal for understanding the underlying mechanisms of organelle motility. We focus on the in vivo labelling of peroxisomes in U. maydis and present approaches to analyze peroxisomal motility.
Summary
The basidiomycete fungus Ustilago maydis has emerged as a powerful model organism to study fundamental biological processes. U. maydis shares many important features with human cells but provides the technical advantages of yeast. Recently, U. maydis has also been used to investigate fundamental processes in peroxisome biology. Here, we present an efficient yeast recombination-based cloning method to construct and express fluorescent fusion proteins (or conditional mutant protein alleles) which target peroxisomes in the fungus U. maydis. In vivo analysis is pivotal for understanding the underlying mechanisms of organelle motility. We focus on the in vivo labelling of peroxisomes in U. maydis and present approaches to analyze peroxisomal motility.
Introduction
Filamentous fungi have emerged as powerful model organisms to study cellular mechanisms. The basidiomycete U. maydis is a dimorphic fungus which exists in a yeast-like and filamentous form (1) (2) (3) (4) . Over the past decade, U. maydis has been introduced as a model system for studying cell biological processes (5) (6) (7) . Remarkably, U. maydis shares many important features with human cells (8) including i) DNA repair mechanisms (9); ii) microtubule organization (10); iii) long-distance microtubule-based transport (11); iv) polarized growth (12) ; v) open mitosis (13) and vi) cooperative peroxisomal and mitochondrial fatty acid beta-oxidation (14) (15) (16) . In addition, U. maydis provides the technical advantages of yeast cells (e.g. genetic accessibility, short generation time, simple cultivation methods, and sophisticated molecular tools). The U. maydis genome is fully sequenced (17) and comprises 20.5 Mb contained in 23 chromosomes. The 6902 genes are listed in the MIPS U. maydis database (http://pedant.helmholtzmuenchen.de/pedant3htmlview/pedant3view?Method=analysis&Db=p3_t237631_Ust_ maydi_v2GB). Interestingly, U. maydis shares many more proteins with humans than with the yeast Saccharomyces cerevisiae (7, 8, 16) .
Over the years, U. maydis has become a powerful model system for cell and molecular biology, and suitable molecular tools have been established (7) . Recently, U. maydis has also been used to investigate fundamental processes in peroxisome biology, and exciting new insights in peroxisomal protein composition and metabolism (16) , the mechanisms of peroxisome motility and organelle distribution (18, 19) and peroxisomal targeting via ribosomal stop codon read-through were obtained (20) (21) (22) with this model fungus.
Peroxisome motility and dynamics are important prerequisites for peroxisome inheritance, proper intracellular distribution, positioning, organelle interactions, and biogenesis (23) (24) (25) (26) . Here, we focus on the in vivo labeling of peroxisomes in U. maydis.
We describe the generation of plasmids encoding fluorescent proteins with a peroxisomal targeting signal through yeast recombination-based cloning (YRBC). We then address laser-based epi-fluorescence microscopy approaches to visualize and analyze peroxisomal motility. A better understanding of peroxisome metabolism, motility and dynamics in U. maydis may prove helpful to explain the highly complex phenotypes of peroxisomal disorders in humans.
Materials
All solutions are prepared with ultrapure water and kept at room temperature unless stated otherwise.
For yeast recombination-based cloning (YRBC)
1. Saccharomyces cerevisiae strain DS94 (MATα, ura3-52, trp1-1, leu2-3, his3-111, and lys2-801) (27) 
Generation of plasmid through yeast recombination-based cloning (YRBC)
The plasmid pCpaGFP-SKL (18) (Fig 1) was generated through yeast recombinationbased cloning (YRBC) in S. cerevisiae, following published procedures (28). YRBC involves ten major steps (Fig. 2) . In brief, the cloning vector needs to be linearized with a suitable restriction enzyme which can be chosen freely and independently of the DNA fragment to be cloned. Primer design is the key step in generating the vectors using YRBC. The 30 bp overlapping sequences to the next DNA fragment need to be incorporated in the 5′ end of the 20-25 bp primer sequence, which results in a total primer length of about 50-55 bp. Likewise, primers GD110, GD111, GD112 and GD113 ( Table 1) were synthesized and used to amplify the desired DNA fragments using Phusion high-fidelity DNA polymerase (Thermo Scientific, Leicestershire, UK).
The PCR reagents and cycling parameters are described in Table 2 and Table 3, respectively. The DNA bands of interest are excised and purified from the gel as described below.
Place Figs. 1 and 2 here
Place Tables 1 and 2 and 3 here
Purification of DNA fragments from agarose gels
DNA fragments of interest are purified using silica glass suspension as described previously (30).
Run the PCR products on an agarose gel and cut the corresponding fragments (see

Note 3).
2. Melt the gel slice at 55 °C for 5 min with 3 volumes of 6 M sodium iodide (see Note 4), followed by further incubation for 5 min at 55 °C with 20 μl silica glass suspension (100 mg/ml stock solution).
3. Centrifuge the reaction mixture at 13,000 rpm for 30 s and discard the supernatant.
4. Wash the pellet with DNA wash buffer for 3 times (see Note 5).
5. Finally, elute the DNA from the glass beads by adding 10 μl water and incubation at 55 °C for 10 min.
Preparation of yeast competent cells and transformation
Transformation of DNA fragments into S. cerevisiae DS94 is performed as described previously (29, 31) . 9. Plate the cell suspension, in two dilutions (20% and 80% of the cells) onto two yeast synthetic drop-out medium plates which lack uracil and incubate at 28°C for 2 days.
Colony PCR on yeast colonies and plasmid DNA isolation from yeast cells
Colony PCR is performed on yeast cells by using DreamTaq DNA polymerase (Thermo Scientific, Leicestershire, UK) in 20 μl total volume. PCR reagents and cycling parameters are described in Table 4 and Table 5 , respectively. One primer (SK41) which binds to the vector and another primer (GD113) which binds to the insert (Table 1) (Fig. 7) .
Place Fig. 7 here 3. To visualize co-motility, generate a kymograph of each channel as described above, and align (Process  Color Align) the two kymographs (Fig. 6 ).
Notes
1. Before use, the medium needs to be supplemented with 1% glucose (50% (w/v) stock). As the CM-Glucose medium gets easily contaminated, it is recommended to work under sterile conditions and to use a burner or clean bench. The NM-Glucose medium degrades over time and loses its ability to induce hyphal growth. NM medium without Glucose is stable! 2. NM medium becomes cloudy in the autoclave and needs to be mixed until it has been cooled down and turns clear again. 9. For cell stocks we use 2 ml Micro tubes with screw tops (e.g. Sarstedt, Nümbrecht, Germany).
10. The advantage of using lasers as an excitation light source is that the output power can be regulated. As the peroxisome signals are very strong, it is important to reduce the power to avoid saturation of the camera. This can also be achieved by putting neutral density lens filters into the light path.
11. It requires experience to select/pick the right amount of cells. Initially, select different amounts of cells and monitor for optimal growth on the following day.
Preferably initiate the cultures in the late afternoon/evening to avoid overgrowth. On the next day, you should have an optimal OD 600nm of around 0.8. When the culture is very transparent, it is too diluted and it will be difficult to find cells for imaging. However, if it is very dense and turbid, the cells may be stressed and should not be used. If required, you can dilute the culture by adding fresh medium (i.e., remove some of the culture and add the same amount of medium to refresh nutrients). If you do this, the culture needs at least 1 hour incubation in a shaking incubator before starting microscopy.
12. In case of an "over day" culture, you do not have to rinse the conical tube. Try to shift the cells as late as possible into nitrate minimal medium (NM). The cells should not be kept longer than 18 h in nitrate minimal medium (NM) as they get stressed.
13. The 2% agarose solution can be reused over several days. If it becomes too solid, prepare a fresh solution. The agarose cushions prevent the cells from moving around and supply them with water and oxygen at the same time.
14. Keep in mind that observation under the microscope should not exceed 15 min (!) due to oxygen depletion processes.
15. We reduce the laser power to 2-6% due to intense fluorescence. If you cannot reduce the intensity of your light source, try to dim it using a neutral-density filter to avoid over-exposure.
16. For this kind of experiment it is important to image both channels simultaneously to capture transient interactions. Normally, the red label is weaker than the green one; thus the peroxisomes should be labeled with mCherry and the second protein of interest (here, Kinesin 3) should be labeled with GFP. It is also helpful if you can regulate the excitation power separately for each channel.
17. The length of the stream depends on the signal stability in both channels. Normally, the red fluorescent tags are less photo-stable and bleach faster than the green fluorescent tags (35, 36) .
18. Photo-bleaching can be performed over different lengths of the cell, ranging from 1 µm up to 40 µm. However, keep in mind that using the 405 nm laser will not only bleach the fluorescent tags but can also damage other molecules in the cell. 
